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J UaII (ha ol)taillcd
Ilccrillg  at St. l,ouis

a l\. S. dcgrcc ia Amws]mcc  l;llgi-
(Illiversity  and a M.S. and lh~gI.

dcgrm  ill Acroll~\utics  a))d Astro]]autics  nt Stanford
[I]titcrsity.  As a graduiitr stud cl)t, of ]’rofcssor l’arkill-
SO]  I a]]d as a sall]]t)cr illtcrll  al, tl]c Jd l’mpulsioli  labo-
ratory (.ll’l)),  ltc lIas wor!icd 011 a  varidy of to])ics
involvil)g (;1’S, it) }~articular  WAAS  (tllc  to])ic of  h is
l’hlgillcm tllcsis).

Wilty lkrtigcr rcccivd IIis 1’1).1).  ii) NJatl]mllatics  fro]])
tile llllivrrsity o f  (;alifonlia, lhliclcy, in 1976.  IU
]{)~~, ]Ic I)cg:lll ,$,c)r~  at, ,]]’], :IS a h~CJI]lJCJ  of t,})c ‘Jkc]l-

Ilical Stafl’ i]] tile l’krtlI orl)itlcr  Systc]]ls Gmul).  11 i s
ivork at J]’],  lIas I)CCII focusrd  on tllc use o f  GI’S fbr
IIigll ])rccisioli orl)it dctellllillatioll a]ld ])ositiolliag.

ltollald  Muellcrsclloeli  wccivcd a 11. S. dcgrcc ill IJllysics
at l{cllssclacr l’olykcllnic  IIlstitutc and a M .S. degree
ill A])])licd  Nlatllclllaticx  at tllc Ullivcrsity  of Southml
California,  lle is currc]lt]y a hflc]nber of (IIC ‘J’cclllli-
ca] Stafl it} tlIe l’;arLII Orl~ilm  SystcIIIs  Gmu]) at tllc
Jd l’ro])alsio])  l,al~orato]y  (J]’],). IIis work at J]’],
]Ias cot IcclItratd 011 t IIc dcvcloj)711mIt  of Micicv]t filtcr-
il)g/s]llootllillg”  softw’arc  for ]Jmccssill.ej G1’S clata a])d
tlIc ]Jroccssi])p;  of ‘I’c)])(’x/I’c) sci[lcJll-(;  I’S data.

‘lbIII ]Jl]llc]i mccivd ]Iis 11. S.1’;.1;.  fI’OJll  ]’rirlceto])  []lli-
vcrsity, aIId IIis 1’11.1).  ia SySkIIM alICl lllforl~~atioll S~i-
NICC frolll Yale lJllivcrsity. IIc i s  curm)t]y lhq~uty
Nlallagcr o f  tl~c ‘Iiac.killg  Systmns  and Apl)lic.ations
$k’ctioll at .lI’lj, WIICK IIC is illvolvcd ill tllc ap])licatio]l
of (;1’S to ])rccise orl)itl ddcrlnil)ation and gcodcxy.

IIradford  l’arliillsoll  i s  l’rofcssor at Stanford  Ullivcr-
sit)y atld is l)rogral)l  Ivlallagcr  of tllcr  l{clativity  (~yro
(Jravity  l’ml)c 11 l;x]milncllt, wllicll utilixcs  G1’S cx-
tc]lsivcly,  1 Ic served as tllc first l’rop;raln  1 )ircct or of
tlir (;1’S joiltt l’rograti)  Ofliccl a:~>vas il~trulllcntal/
ill tllc syslc])l’s  dcvclo])lncllt,.  IIc i s  a ]~ast c]lairlnall
of tl)c ION Satellite llivisioll,  a]ld 1991 witlmr  of tltc
Kc]dcr  A}var(l.

Abstract

A  ])ow’rfa]  dyjialltical  tcc]lniquc  to coJtl])iI!c  ])rrxisc
(;1’S satell i te orl)its  for tllc I’AA rea l - t i l nc  Widc-
Arca All~lllc]ltatio]l  Systc]]] (WAAS) l]as Imc]) eval-
uated,  ‘J’llc dy]la]nical  tcclllliqac  csti]uatcs  (;1’S satel-
lite states frolil a Io]lg IIis(ory  of IIlctistlr(l]lc]lts, wllicll
arr rclatd cstilllalr tlllougl~ ]Jrccisc  lIIodcls  of satcl-

lik dyllalnics.  ‘J’llis  co]}tcasts  wit]} IIondy]lalllical  tccll-
]iiqucs, in wllicll all illvcrlml fonll  of (IIC llavigatioli  fix
soluti(,ll yields tllc illstalltallcous  ])osition of tl]c satcl-
lik, Mitllout  illtmducitlp,  dyllalllical  illforl[latiol].  ‘1’l)c
dy]]alllical orl)it (I(tcltllill:)li[)ll  lllctllod  Ilot, olIly  yields
]Iiucl) Inore  a(-cucate  and rol)llst oll)it  solutio]ls,  it cll -
al)lcs romp]ctc  sc])arittiol)  of orl)ii al)d sakllitc clock
e r r o r s  l{csolts  with real data snow that a IIetwork
of 12 ]nonitor  stations distril)utcd  over tltc contiacl)ta]
11 .S. :tacl Canada, l~roducillg  dual frequency lMcudor-
al]gc ~lata, yi[.lds orl)itl accuracies of I)ct, t,cr tllall  C)]IC
]ndc]  wit)l]ill the sc]vicc volulnc,  as col]l])arcd  wit])  tllc
J]’], }~rccisc  cj)llc]nrridcs. ‘J’llis  is al)out  a factor of 6
ilJJ])l(WC’Jllf ?llt OVI?l t]l(’ 1)1’OR(]C~St  C]l]lClll  C’I’i(l  CS.

II) a  \VAAS  sil)llllatioll  tllc dyllal)lical  orl)it cstil]]ii-

tion lcchlliquc  ]) Ic)d IIcd tlIc ]nost accaratc u s e r  rc-
salts, OVCI lIIC 3 0  si]]ltllatcd  users, tile IIlcall  of tllc
caste] II, nortl)crll  and vcr(ical coltl})ollcllts of tile users’
st, alldard  dcviatiol]s  }Vvrc 5.13 clt] cast ; 5.36 cl]] IIoct]l;
and $1.15  CIII vertical. ‘J’llis  rc])rcsc]lts  tllc orl)it al)d
clc)ck col Ilpol  Icl Ils of tlIc user ])ositioll crroc. h’o 1+
tcmc.y,  tro])osJ)llc]ic, 01 User ]Jlcasarcllicnt, errors  arc
iac]utlcd in tllc sillll]latcd  user raIIp;cs (altl Iou:;lI II IC:I-
surc]l Ie]It, errors  WCN of collrsc ])rcsc]lt i]} tlic data used
to co~i)]~utc tl]c o]l)its).  A co]llj)ariso]l  tvitll tl)c results
o})tattld witj] tl](  l~roadcast and IIc)ll-(lyllall)ic:il  orl)its
is ])r,scllt cd.

‘I’l Ic {Iyllalnicdl orl)it C+til]latioll ])rocms,  tllc s1oIY cor-
rcctit}n gc])c]atiol), c‘]])d i ts  I)road cast, CaII I)c doIIc ill
2.5 sIcoIIds.  l{cal-tilllc  l)crfonilallce  of tllc dynamical
orl)it cstillialioll  i s  tasily acl[im’al)le ill a \l’AA,S scc-
nari(,.

1 Introdllction

‘J’hc l~cdcral  Aviali[)ll Acllllillistl:ltio]l  (l~AA) i s  cur-
rm)tly  dcvclo])i]]~,  a (;l’S-l)ascd  IIavig; atioli systct]l that
i s  illtcllclcd to l)ccoIIIc  tlIc ])rilllary llavigatio]l  a i d
for (o]nrilcrcia]  aviatiolt  durit)g all 1)11.2sIX of flight -
incllldillg  Catcg,ory 1 ])rccisio]l  a])])roacll.  ‘J’llis  rcw-
luti[, ]lary  IIavigatioli  systclll  \vill I)c l)asd olI tllc coll-
cc])t o f  WAIX;  l)S (Km 1993). Called  hy tlIc F A A
tlIc \Vidc-A]ca  A~l/,tl~cllt:ltio]l  SystcIII (WAAS), i{ will
Inal<c usc of a lIctwwIli  of 2(I to 30 Wide-area ]tcfcrcace
Stat  io]w (\f’ltSs)  dist ril)utcd tllroug;llou( tllc National
Air+l)acc Systmtt. ‘J’])(w rcfcrc]]cc  statio]]s  \vill col]cct
lx+cl,doral]g( and at]]los])llcric II IC:ISIIICIIICIIt  S, and ivill
SCII(I  tllICIII  to o]Ic, (II j)crlIalM  II Iorc,  \4’idc-area Il!wter
Stal ioIls  (\!’hl Ss). ‘1’IIc \VMS will ],roccss  tllr daia to



]JKmidc a vcclo7 concciiorl  for cacll (;1’S  satellite. ‘J’l)c
vccklr corrcctiolj  will illcladc  as sc])aratlc colnl)ol)cllts
tile (;1’S  c])llclllcris crwrs,  sa(cllik clock I)ias  alId iollo-
s])llcric dctay cstiti)atc. ‘J’l)c  11’AA  distitlgaisl)cs  tww
Iiillds of  corrcciiolls:  a sloto COnWiiOH :111(] a jo,s( CO?.
wc(ion.  ‘J’11($  slow corrcct, iot) col]l,:lil)s,  as it,s llalll~ ill~li.
caks, tllc slowly varyitlg  cyrors tl)c c])llcll)cris  error.
l)ac to ils s lowly varyil]g ]Iat,arc,  this  error IICCd IW
tratlsltlittcd ol]ly  every 5 IIlillutcs. 011 tl)c O(IICI  IIalld,
tllc sakllilc clock error is qllickly varying  ill ltatarc
(lUC to SA ?111(1  dClll?lll(l  S a fasi,cr corrcc(,  io]l rat, c, 0]1
t IIC OKIN of OIIC  corrcclio]l IIlcssagc  every six scco]lds.
‘J’])c  c(~rc~cl,i{,l)s  will I)c se]lt, to tlIc users I)y lnca]ls Of
a (Jec)syllclllc)llc,lls  l’krtl I orl)it (G14;O)  satellite using
a  sig]lal at)d (li\t[\ forltla(, dcsigllcd l)y 11’JCA  ‘ S])ccial
(k)rll]lli(.tcc  lb{). ‘J’llc WAAS i s  Cx])cctcd  to ]Jrovidc
sal)])]clllctltal ra(lio IIavigat,  ion l)y t,llc year 1997, and
evct[tually  10 I) CC OIIIC tlIc ])ri]t)ary  syskvl I of llaviga -
tiul. ‘J’IIc  syskIII wil l  add k) tllc carrcIIt  (;1’S systc]ll
tllc foll(~willg  features: a  rallgitlg  function  that lvill
iltl])rovv availal~i~ifg a]ld rcliahiliiy;  diflkrmltial (;1’S
corrcctiol]s  tl]at  wi l l  il)l])rovc accuracy;  and i71fcgrify
IIlollitorit]g tlIat  will ctll)ii])cc  safety. ‘lb ]IIcct  t,l)c rc-
qaimtlcllts ~wsociatcd wit,ll a ])lillli?l’y l]avigatio~l sys-
tc]ll, WA AS sllou]d I,c al)lc to ])rovidc  fault-free ]x)si-
1 ion fix lvillI  a tit Ilc ov{(ilohilil~  of 0.999 fc)r (jat,cgc)ry
1  a])]) roacllcs, afId ().9$)$)99  for dolllcst,ic ctl rovir, tcr-
IIlillal al)(l 11()]1-])ltcisi()ll  a]]])roacll  ])llascw of flight.

Scctioll 2 dcscril)cs dyllalnical  orl)it (Icler]tli]]ntio]l  a]ld
assesses (IIC accar:icy  of llIC (;1’S  c})ltclllcris ot)tlai]lcxl
asitlg this  t.cclllliqllc. Scct,ioJI 2.3 ])rcsc]lt,s lIIC user 1)0
sitio]lillg  accaracy  ol)taillcd  ill a WAAS scmlario silll-
alatioll, Scctioll 3 discltsscs lIIC advantages that a
dyllaltlical  orl)it (Ictcrl]lir}?ltioll  itltrodaccw  over llo]b
dyllalllical  tcclllliqucs.  ‘J’IIc real-tlilllc asI)ccts d a dy -
]Iaftlical or])it (l(t[rlllillnt$ic)ll  tccllrliqur  arc II]clitiollcd
ill Sccl IoIl 4, ‘1’IIc CO II CIUSIOI]S  arc draw]t  III SectIo II [).1.

2  IIy])a]nica] orbit I)etcrmina-

tion

l)y dy]lal])ical orl)it (Iclcrlliill;itic)ll  wc refer  to a t,ccll.
IIiquc  (I]lat co]II])II[cs  ])rccise satc]litc  orbits froln a co]
lt,ctiot[ of ]I}[:tsIIr~ltI(lIts  lllat, are related to the salcl-
litc stattw l)y ],rccisr dyllalllical  ]tlodc]s  that carcfol]y
dcscril)cd tl}c orl)i(al ltlotio)l o f  lI]c satc]litc.  ‘1’IIc w-
latiol)sllil) l)clwwti  satcllik stat,cs and olmcrval)]cs  arc
IIoll-li]lcar  ill ]Ifi~IIrc, ‘J’II(s col]lll)ollly  illlj)lcltlcmtcd sta-

tisti(  al cstilllatio])  tcclllliqae  rcqaircs  litlcar  rclatioll-
slli]): I)ct,wcc]) slaks a]ld ol)scrval)lcs;  tllcrcforc,  tllc
cqua{io)ls  dcscril]i)ip,  tllc IIlotioll of tl)c satcllik arc lill-
cari~{’d with rcsl)cctm.a IIolllil]al trajcclory,

f
“’w

‘2.1 Sl)atlc vector, numerica l  propaga-
Ijion mocl[:]s anti orbit  wdjimatlor

Oar  solations  for tllc G1’S  c~)llclllcris arc irll])lcltlcmtcd
ill a software srt refed to as (;i])sy/oasis  11 ( G O A
11). ‘1’IIC  filt,c) illll)l{)l)c)ltatioll  is a Square  l{oot l]lfor-
IIlatiol] l’iltcr  (S1{11’)  Jvllicll yields illcrcascd lllllllcri-
cal stability colll])arcd  to IIo]l-sqaare root iltl])lc]ncllta-
tions (Cf. 13iC1’lllilll (1977), Jfra ct al. (1900)). If tllcrc
arc 110 nultlcrical  ])ml)lctils  it is cqaiva]crlt  to otllcr
Ka]lttall illl])lc]ll{l]t:ltic)lls.

Wllc[I  solvitl~, for (;1’S  c})}lcvllcris errors, oar  state vcc-
t,or c~)llsists of a (~1’S  CIJOCII  state, G1’S clock, statlioll
tro])(,s])llcrc,  allcl sta(iol]  clocks, (l)]lc statio)l  clod is
IIC1(I as rcfcrcllcc, St atioll Lro])osl)llcrcs  are treated as
ralldt~lll  walks. \f}c use 3(I ]Iours data arcs ill t]lc so-
]utio)ls rc]jrcsc]lt(d  ill this  ]m]wr. ‘J’IIc c])ocI) s tate for
GI’S refers to tllc ])ositio)l a)ld velocity at tllc lwgi]h
IIitlp, of tllc 30 IIoar arc for (;1’S.

I{’or t Ilc dyllalllical  c])lle]llclis  so]atioll  IIO I)roccss IIoisc
i s  ad,lcd to  tllc (;1’,S  C]JOCI]  statc(]]ositioll  arid veloc-
ity).  11] a rcfil till]c il]l])l(lllclltatic)li,  tllc filter woald [W
sligl}l ly lncdificd  to Jvork a current  state ratl)er  tl]all all
C1)OCII state :111(1  a Slllall altloant  ofl)roccss  lloisc JVOUIC]

l)c a(idcd to tllc carlvllt  sta(c  to accc)ul]t  for i)illwrfcct
dyllaltlics  wllc]l the arc lmlgth was lo]lg colllj)arcd to
tllc a’caracy of tllc dyllalllic  ltlodcl,  l“or tllc tests  IIcrc,
IIo I) IOCCSS  ]Ioisc 0 1 1  t)llc siatc is llcccssary dac to tllc

.Snort Jo IIolll data arcs.

l“or tl]c IIc)ll-(lyllalllic:ll  c])llcltlcris adjastlllcllts, aTl ac-
cclcr~itioll  vector is addccl to tllc filter state for cacll
(;1’S  wit]] a wliitc ]Ioisc u])date  at cacll IIlcasurcltlellt
tilllc.  “J’lle aliloailt  of Iloisc  at cacll IIlcasarcltlcllt  till]c
is so large tlIat tltc j)ositio]l solutio]ls  for (;l)S  arc UII-

Col’1’c) atcd

A s  t)ic dyllatt)ical  tllodel illl])ro~,cs,lcss l)IOCCSS  IIoisc
is IIC< cssary 011 tllc (;l),S  currc]lt st. atcs ill a real tilllc
ill]])]{  IIlcatatioll.  Slllallcr  ])mccss  Iloisc  Irlcalls that you
p;ct t,f~ avcrap,<: out otllc]  error soarccs  asillg dyllalllics.
IIcrc w use tllc car]clit  state oftlle art [;1’S  dyrlalllical
~tlod( Is wl]icll itlclude:

● ✌❉ ]2 x ]2 cxl]allsiol]  of tllc J(; h!-3 gravity ]i)odcl
(Watkins  cl at. 19!14).
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‘J’llird-hcxly  dlcct for tile Sua and t,hc MOOII
(Newllall,  Standish  & Willial)ls  1983).

No rclativist,ic  gravitatiol)al  ])cr(url)atioll.

Solid ];artll  (Iidc (Wallr  1981)  and occall
(Ncre]ll  1994)  IIIOdClS .

m]ly

tide

l)ircct so]ar radiatio]l  ]JrcssuIC  mocld (l’ilicgcl LJ
Gallil]i 1992).

No 121rtlI  all)cdo l)erturlmtio]l.

No Atl~~os])llcric  drag  ]~mlurl)atioll.

2 .2  W A A S  clynamica]  orbit  cletcumina-
tion rmults

A ]Ietworli of tracking  statiotis was SCIM%CCI across tl)e
co)llillmltal  11. S. and (;allada (wit]) the cxccption  o f
IIcrltluda)  (sm l{’ig.  1  slid ‘1’ahlc  1 ) .  ‘1’hm trac.killg
statio]ls,  tl)at rc])rmmlt tl)c Wide -Area  lic]])otc  Sta-
tio)ls or WIMS ill a  W A A S  IIctwork,  bclo]]g to the
J 1’1, glolml ]Idwork  of (;1’S rcccivcrs al]d arc ccloi])pcd
wit]]  J 1’1, ‘1’url)o-l{ogae  rcccivcws. l’rolll these static)ns
“real” czirricr-slllc~c)tlll(’cl  ])scudora]igc lncasllrclllcl]ts 2

w e r e  collcctd tllir(y  sccoIIds  al)art  during  a ])criod
o f  thirty Iiours OIJ Jal  IIIary 10, 1995. ‘J’llc cstilnatio~l
IIlctllod sclcc.tcd WilS tlic ollc tllatl il]lplclltcllts  llulncri-
cal ])ro])agatio]l  of tllc dyllall]ical  II Io(lcls togct]lcr wit,ll

a ])ositioll-vclc)city  state vector as dcscril)cd in Sec. 2.1.
‘J’IIc tro])os})llcric  delay mror was l)ot cstil))atcd;  ill its
]~lacc, tl]e cstiitlatcd values ol)taincd  fro]])  tllc J]’],  ])rc-
cisc cl)llclllcridcs  were used ‘+. ‘1’IIc i]litial  sl)ac.cc.raft
state was t,akcll frolll tllc results of (,l]e ])rccisc orl)its
4

—
?Fl>]lc  J),], ‘]i,,l,(,.]{~,g[l~  llY’CivCl’S al Icndy  ollt]n]t  carlicr  -

SIIIOOtl  I pscudoranp,c,  savi]lg  OIIC stc]I  in tllc  data l)~~)~~~si)%.
3’J’lli.  wa<  (loTIc  i])  aIIt  ici]~alio]]  of IIic IISCI  ]~ositic,]liltgsill]lllh-

tio]l  ])rcsclitcd  ill Sec.  2.3. III lllis  Sil]llllati(,]i,  lIIC  ]I,casurc]llctlts
11’1, cl,llc]]lcris.  ‘I’l  Ic uw of tllcarc g,cl  Iclntd  Ilsillg t lIc ]Jrccisc  .

SFLIIIC t]o])osl,llcric  cstilllatcs  ill Loll  I llIc  oll,it  cstill)h(io])  ]Irc)-
ccss  allcl  tlIc IISCI  ]Josilio]lillg  sinlllltiticn!  fissures  a ])crfcc(  calI-
cellatio])  of llIc  tm])os])llcric  delay bias t)Iat although  of great
ill}]~o](allcc,  is ]Iot  tlIr IIlaitl  illlcrcst of lllis rrscarcl  I.

4  of course  IIlis cal  IIIrIt IIC dOIIC ill llIc  real-  ti]i]c  a])plicatioll,
llowcwr  ill tl]c  worht  case,  OIIC cou]d  a l w a y s  slarl  tlIc c,rbi( es-
till]alio]l  ])rocess  wit]) hl)  initial  state  I,ad  OII  tl]c  broadcast
cldw’tllc]idm  tllal  ale always  available. Also, tlIc usc  of aCCUIat  C
clyllal!iical  IIlodcls  ])crlllits  tl]c  ])ro]mgatimi  o f  tlIc orl,its WlICII
IICW  II ICaSUI.CIIICIIt  S aIc  IIOt  avail al)lc;  i)) ilIc  case of tlIc J]’], p]e-
ciw C]>llc]llcridm, IIIC orl)i(al  clIors  remain uIIdcl OIIC ]nctcrcvc])
WI ICI  I j)rt,lmgatd  llIrw  days alIcad  wiillotl(  illcor])orati]]g,  ]It\v
ol,  scrvu(io]ls.

Au irl<licatioll of tllc accuracy of tl]c csti]nated  orl)it
is to C( ,Inpare tllc rcsolts  \vit II allotllcr  cs~illlatcd orljit
ktIowl  I to be ]IIc,rc ]Iwcisc. III this case tllc results of
LIIC (;l’Sc)rl)itsfoI  JaIIIIary  lo ,  1995,  ol,tailled  Jvitll tl]c
\J~AA5 nctwor!i  ~vtvx coltl],arcd  with tllc J] ’ ] ,  ])rccisc
[;1’S (~rl~its wit]l a ~i-1) 1 0 accuracy  of  20 cl]] (XulII-
bcrgc d al. l!)9b).  ‘J iil)lr 2 SIIOWS tllc lthl S difl’crcllccs
lJctwc(II the orl)its  over tllc service area of tllc \J’AAS
IIctwc)]k  ill tltc radial, 10]lg-traCk)  altd ollt-of-])lallr  or-
I)ital co~n])ollcllts. (~arricv ])llasc IIlcasurcltlctits  would

l~Jh;-\4’AAS  l)yllalllic:al  orl)it Acc\lracy”  I
~():l,fi c~I,,],oIIcIIt I Ac~uracy (,,,,  la) I

]{adial 0.65
(;ross- t] acli 0.7:)
IJollg-tracli 1 .(i

‘] ’al)]c  2: ‘1’]IC  ]$)AAS  (lyallal])ical  orl)jt,  a c c u r a c y .  ‘I’l  Ic

accur; icy is  cstal)lisllcd  as tllc dif~crcllcc  l)ctwccll  tile
orbit tstilllatd usi]lg tllc WAAS stations and dyllal])-
ical illforlnatioll  all(l tllc J])],  ])rccisc orllit  o v e r  tllc
scrvicl  area of t Ilc WA AS )Ictwork.

‘)
u]ldoul)tcd]y  iln])lovc tllc solution  (Yu IIck ct al. 199 L), / ~, <,
l)ut tl, cy slIoIIld  ))ot I)c IISNI  accordi]lg t o  tllc M’AAS  ‘~ ($

s]jccificatiolls  (1’AA  1{){)  4). l’os(-])roccss  sttlootllillg  of

)

(

the resulting orl)it is IIot saital)le  for a real-tiltlc a])])li-
catic)lj.

‘J’lIc  dyllalnical  o;l)it gcllcratcd  wit]l tllc \4~AAS ~lct-
work bl)ows  a fourfold i]ll]~mvelncllt  over tllc I)roadcast
orl)it.  ‘J’llc I)roadcas( orl)it for lkcc]l)l)cr  10, 1995,  }vas
diffcr~tlccd with rcs])cct to tllc J]’],  ])rccisc orl)it ill tllc
salnc  [Ilallllcr as l)cfolc. ‘J’able 3 snows tllc l{hl S dif-
fcrcll(  m l)ctw(cll lIIC orlli(s over t IIr scrvicc area of tlkc
W A A S  ))ctwork ill tllc radial, along-i  rack, a]ld c)u-of  -
p]anc orl)ital  colt[])ollmlts.

Givcl, tl]c hip;ll quality of tllc I)roadcast oll)itl, we l)c-
]icvc tl}at tllcre  a]c 1)0 S A  cfl’cc[s illl])osd on tllcll]
(Zu,,,l~crgc  & IIcrtip,(r 1996). IIowcwr,  if SA were to
dcgra{lc tllc l)rofidcasi  orl)its,  tllc l]ccd of all illdc]Jcll-
dmlt (])llcltlcris  soulcc  SIICII  as tile  OIIC  ])rcsc])tcd lIcrc

WOUI({  I)c ill]])crativc  to IIlailltaitl  tile ac.coracy required
l)y W’AAS.
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l~ic:arc 1: ‘J’IIc WAAS si]llulatcd  IIctwwIk. ‘J’]Ic \fTli,Ss arc sylnl)olizd Ivitl] (Iia]tlo]lds.  llscrs w e r e  ])laccd ia tile
l(,~~lti(,lls rc],rcsm)tcd  l,y ~mtcrisks  as well m ill tllc vicinity  d tllc \\’hl  Ss will! tllc cxccl)tioll of IIcrll]uda,

[ ‘J’l,c IIro:,dcast  orlit A“ccaracy I
]]ctw~ )rk dc])ictcd  III Fig. 1, slid  a(l(litiollally, allotller
CICVCII  users were I)laccd over twelve cf the tllirtecnl (all

[ (M)it CO, II])OI,CH1  ] AccaIacy  (m, la)

1 “

l{adial 1.7
(hwss-track 2.6
IJollg-t’rack 7.4

‘1’al)lc 3: ‘1’IIc IJrcmdcast  orl)itl accaracy.  ‘J’l)c  accaracy
is cstal)lisllcd  as tllc di[l’[rcllcc I)ctwccll tile l~roadcastl
orl)it <I II(I t.llc JI’IJ ])rccisc orl)it m’cr the scrvicc a r e a
of t Ile \VA AS ]Ictwork.

2 . 3  ‘J’lIe WAAS  usm p o s i t i o n i n g  simu-
laijion

A si]]lllla(io]l  was COII(IIICINI  to assess tl]c iln]~rovc-
Ilic]lt that {IIC (ly)lall)ical orl)it,  cs~il])atioll teclllliquc

ofl”ers to tll[~ WA A,S users. III it, ]Ii]]c static user+ WCIC
(Iistril)lltc(l (WC ‘1’al)lc 1) Witllill  tllc sitltulatcd  WAAS

but ]:CIIIIUCIR)  ~$’]{%  0]1 t]lC ]Ictwork.

‘1’l]c J allgc ol~scrvalllcs were crcatcd  by colll]~lltillg gc-
O]IIC1  ric. rallg(s fIOIII tlIc usms to tlIc GI’S  satcllik ])o-

sitio]ls as l)rtwcril)c(l  l)y tlIc ~1’1, I)rccisc cl)llclllcris for
tlIc ]Ieriocl of Ja]IaaIy  9, ](K)5,  z3:59:50 GM’J’  to JaII-

uary 10, 199b, 23: M+:WJ Gh!fl’.  ‘J’IIc  I) UII)OSC  oftll~  silll-
ulati( )11 was t o assess c)l Ily tllc  ccmtril)utioll  of tllc orl~it
accal acy to tllc user ])c)sitiollillg er ror  af~cr ])crfortn-
ing tllc slow and fa<t corrcctic~]ls.  No noise }vas added
to tllc gcllcratcd  IIlcdsarcltlc]lts;  IIC) iollos])llcric  delays
w e r e  iac.ludcdl  and fautllcrlnom,  tlIc trc)])os])llcric  de-
lay I)lascs were rc]tlovccl l)y millg  LI]C J]’],  ])rcxisc  orl)it
trc)])(,s])llcric  l)ia~cs for that clay. ‘J’lICSC  atrtlc)s])llcric
bias(s  (cs])ccially  tlIc iollosl]lieric) tc)gctllcl ~vitll S / A
and latency “, Hrc tllc dolllillallt  cric)r sollrces, l)ot, arc

51, prcvimls  study or i}l(’  latcllcy  Cflccl  is lqmtc’d ill Yullck
et al. (1995), lrI Illisstl,dy  tl)c  cflrct  of tl,c IIse,cxt,a],c,latioll  of
llis/llr  last fast COI  Jc,ti[,l,  UIIdCI  tlIc cflcct  of SA is ad{lImscd.
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‘J’]IC \$~AAS-siIt]lllat,cc]  N(;twc;rk Sta{io])  it])(l  USC]-  l,ocatio])s

4 CI1:W. ]lj-

Al,llll
Al,(:O
IIliilfii
IIAIW
J1’i,hi”
hll)ol
Nl,lll
I’I’;N’J’
I’ll’ii “-

QUIN
S’J’JO”
W1’xrl’
>’1’;1,1,
(1s1{1
(JS1{2
11s1{3
usli4
USI{5
11S1{6
11s1{7
1) Slu ‘-
11s1{S

All)c]t  IIcn{l
il~ollqtlill
li’llllida  -

IIal’vest ]’latfol’111
l’asalc~la
11’icl)mlalcl

North  l,il)crty
l’c’llt!ictoll ‘-
“l)ic ‘J’c)wll

Q~lil}cy
Saint johrl’s

Westfc)rd
Ycllowkllivc

Canada 45.96
[l.]{. 3 2 . 3 7
USA $4.47
(ISA 34.20
USA” 30.68-
USA  - 41.77”

Canada 49,32
lJSA 34.30  -

USA 3$):)7

Caliad[i 47.(iO
lJSA 42.61

Calladi! 62.48
lISA 40.00”
ilsfl ‘1 40.00
U S A 40.00

‘-- T--lJSA 40.()()
USA 30.00”
lJSi 30.00

“lJSA io.()()
G n a d l- 50.00
(;anadl “  50.00

l,ollgitlldc  (dcp;)
-123.49
-78.07
-64 .7(I
-120.68
-118.17
-104.0]
-(I1 .57
-119.62
-108.12 “-

-120.94
-52.68’
-71,49
-114.48
-100,00
-110.00
.go~()

- 8 0 . 0 0
.{)000

- 8 0 . 0 0
-130.on. .
-110.00
.{)0,()()

‘J’al)]c ]: ‘J’hc WAAS  silllulat,cd n e t w o r k  st?~tioll a!l(l us~r ]ocatiol)s.

IIot tl)c to])ir ofi]ltcrcwt  ill this stIIdy. (isc orl)ii ])r~widcd f o r  that d?ly lvcrc slll~tractcd

'J'c)sillllllatcl llcslc)~$all (lfastcorr  cctic)1ls,  tllcfollowil]g
Stc])s JYct’c t?akcll:

1 .  Llsillg (l)c l,ycviously  cstil]latcd  dyllamica]  orl)it
fro]]]  tlic W A A S  IIctwork,  tl)c satellite ])ositioll ‘3<.
col]]]~ol)mlt, oftllc silll(llakd ]m(ldorallgc  k\!HssLl})-
tract cd. ‘J’]lis i s  t])c so-called slow corrcctioll.
Note tl,at siltce tltc orl)it gm]cratcd I)y tlJc JI’AAS
IIctworl; aIId tllc J1’1, l)rccisc  orl)it d i f f e r ,  SOIIIC
cl)llr]]]cris CYIO1 rc]nai]ls. It is ])rcciscly IIow this
c})llmllcris error  t r ans l a t e s  illio ~]scr ]Jositiolling
c]ror tllnt isofilltlcrcst ill tllissillltllatioll. (Hccall 4.
that tllc orl)it corrcctio]l  is ~)erforlncd wit]! r e a l
data,)

2. ‘J’llc tro])os])llcric  dc]ay WI]UCS that tllc J]’],  ] ) r c -
- .
‘1’}Ic study co] IcllI(lcs tlIat (after IIsilIg diflc]c]it  cxtla])olaiion
tcclllli{jtlcs,  iI]volvillgtllo  Ilsc of ]xclIdmalIgc  aIId  co]l]l,il!alic,]!s
o f  I)sc{iclcj]fillg,{zitl[l  I)lIasr as WC]]  as li]lcaralld  quadla(ic  ]JIod.
cl+) a lillcar  cxtra]>olatio]l  witl  I ],sc[lclc,r:illgcclata  aloIIc will IICIt
suflicc  aIId sIIggrht  llIc  illtro{l(lctic,l]  of ]Il!aw  clata  that i]ll]}]ovcs
lllfscattcll)y  all (Il(lclof  ]lltlglli(llclc.

frollltllel  ;lc:is~llcltlcltts.  Sillcctllcsc arctllcsaltlc

lalucs that MYVIt  into (IIC WAAS orl)ii cstilnatioll,
:1 I)crfccl  callcf]latioll  tOOli ])lacc. ‘J’llis IICIJW tO
idatc tllc C))llclllcl’ls and C1OC1< errors.

I’lIc  c l o c k  I)ias(s \Ycrc cstilnatcd fro]])  tlIc IIlc:t-

+lIrcl IlcIIts olIc( 111( slmv corrcct,iolls  (a]]d  tlIc tro-
I)os])llcric  delay I)iascs )wcrcrclnovcd.  ‘Jllisistllc
.()-called  fast corrcctioll,  for tllc satellite clock l)i-
tiscs arc dolllillatcd  l)y SA that is fast, clla~lp;illg ill
IIatlll’c.

All Cstilllator  was n]ll to cstilnaic (Ile user loca-
tim). ‘J’l Ic cooldillatcs  of t])c Iocatiol] were csti-
IIlatcd as Ivliitc n o i s e  stoc]lastic  paran]ctcm,  cs-
scntial]y  so]villp; for a ])oillt ])ositioIlillg at eve ry
c])oc.11 as it wotlld l)c ll]orc characteristic of a lllov-
illp;llscr, e.g., aII ;iicj)ltiltc. ‘J’l  Icstal Idard dcvifitiol)
oftlIc ]~oitlt ])ositio]lill~  l)istory \vas co]ll])utcd  fol
cwcry  slatioll  alo)ig castcrl},  lIortlIcrtI  and vcltical
coIIIl)oIIcIIts.  ‘1’IIc II ICalI of tllcstalldard deviation
of all stfi{iolls }vas also co]t]])lltcd ill tll( castcrll,
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[_ -- -- -----, -------,., . .,-‘J’}IC  WAAS  (Jscr  ]’os)t,lollil]g Su)l}tllary  l{ CSU1l S

[ orlit ‘Jy}; I l[as((:lnj  10)-1  Norill (CI;’VG]” I Vclt-icti] (cl,,, 1;) ~
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WAAS  IJyllall)ical

I

—
5“:13 “5.3fr {),]~

111’oadcast 20.7 ““ n.j 38.6

‘1’al)lc 4: licsalts of tlIe W A A S  USCT  ]msitioning  si]nulatiol,,  ‘J’IIC  nlIInbcrs SIIOJV tlIr stal)dard  deviation ill tl)c cast,
]IortlI  and v e r t i c a l  CO]IIIJOIICIItS  of tl)c l{ill Ss of tile ])oi]lt  }Iositionillg  Ilistory CIf tllc silllulatccl  WAAS  UWIS. ‘J’IIc
dyl)alt}ical  orl)it,  rcslllts  are co]) bastml will] the O]]CS  ol)taillml usillf, t}Ie I)roadcast orl)it,

olwrvillg a colt)l]lollly  vim’d  satellite try to solve for
(IIC llllk IlowIls  or tllc Systclll, Itat Iiely, tltc ]milion of
tl]c satellite, its clod I)ias, al]d tllc statiml clock biases,
tlvo ol)tiol)s exist: tltc first o]le calls for t<llc clilnillatioll
of the satcllilc clock I)y diflkrcllcitlg  llIC  lncasumncnts;
tl)c second  calls for oll]ittillg  OIIC  of {he station clocks
fro]ll  (IIC list of’ ulllitlow!ls, dc j(~cfo  rcfcrmlci)lg  all LIIC
statiml  clocks  to tl)c OIIC  oltlilkxl  ‘ .  ‘J’l Ic first o f  lllc
a])])macllcs  ])as I)crforllld aII  ol)viom  cliflt’r(tl]tiatic)ll  of
tllc IIlr:ls(lr(’l  ll(>llts, all(l tll(’ WXolld OIIC  IIas ]mfol’llld
at) identical clifl’cr(~llti:ltic)ll i]) a ]Ilorc sul)tlc  way l)y rcf-
crcllcil)g all tile clocks  to a rcfcrc]lcc  OIIC  olllittcd  from
!lIC so]ut im) 7. 11) l~otll casm tl)c IIctwork  of stations is
virtually illscllsitivc  to satellite radial  dis]]laccltlmlts,
I)cillg  al)lc to olwc]vo ])m])crly  transverse IIlotic)]l o~lly.

3,2 ‘J’lIc 111)1 {.1{; cxmccpt

‘J’lIe  llscr  l)ifl~vwltial lialIgclkror ([11) 1{1;) isdcfind
( F A A  1094)  :1S “lIIC  99.9% accuracy of tllc corrcc-
t,iolls  for tl)c dcsi~llat,cd  satcllitcl iltdicatill~  tile accw. .
lacy ofcoltll)illcd  fast alId slow comctiollsj IIot illclud-
—.

‘~]()(}1 Of  llICSC  ZI],,UWW]ICS  /11(. lll?Lt]lC1ldi~a!lY cql]idrlll

(W’rlls,  l)c,tIccl&  17i,,cIlt,1,,l  !lS6,C;,afa,c],{  lL,,  Scl,ikfl,ir,l$lS  (:).
l{ua,lg,  SclIu(x&,  W*\llii,,s (1995  )s110w tlIat csti,,lati,lg  tl,elc-
ccivcr  clock  e r r o r  aII(l  clilllillatillg  tlIc l)ias by diflcrcllcillg,  llIc
IIICaWITVIICII(S  at c+icl I II IraSUImIICIIt  CJIOC II .4Tc ]Ilatllcllmtically
wjuivale]ll,  ]Irol,iclc~l  llIfit  lIo a p7iori  clock  i]lforllmliol)  is  used
ill lIIC  llllclifl{.lctlcc~cl  case.

7(;~,]l+i~l~l.  t])c  ~x},,l)],]c  jII w]]irll  two tmcfiillg  st~th~  of

kIIowll ]>c,sit  i[31bsc,l,t ail) l;lTngcl  llca~tllcIrlc]nlst  c,acc,ltl181c,13  lyvis-
il,lcsatclli[c.  'l'llcsystc,,,  cc,lltz,i,,s  fi\,ctl,,k,lc,\\ll.,l la,,lcly,t}lc
tlllcccc,lll])(~llclllsc~f  tllcsiit  ellitc,  ],c,sit  ic~ll,  itsclc,  ck l}iasalld  tllo
two stati(,l[  clock  l~iascs 111 tllcs($c[lll(l  ca.c,  tllc  tWolllca.lll’c-
IIlel]tsfrolll  siatiolls  t(~s:ttcllit(>:llcllc,l  cliflcl,cl lcccl,  ollclcfclcllcc
stalioll  is sclcctcd  ZIIIC1  its clock  I)ias is clilllillatcd  frolll  tlIc list
oflIIIli  IIcIw  IIs.  ‘J’llis lc:t\,cs  t\vc,  lllctLstllcljlcl  ltsa]l{lf  ivctlllkllc]M1ls
or Ii 5 - 2 = 3 dcficicllcy. III tllc  first case  ]Ilcl]tiollcd,  tllc  two
]IIcasll IcIIIcl Its are {liflcrcll  cd, rdllci]lg tl!c lIulnl, cr of lllcasurc-

II ICIIIS  to oIIc, Clill]i]lalillg  tlIc satcllitr  cl(Ick and ICavillg tile
difl’crc))cc  lIct}vccII static,)]  clocks as al I tIIIk  IIOWl  I togctlicrw,itll
tl]c  satellite l,(,sitioll. Again,  all idc]lt.  ical 4-  1 = 3 dcflcicl(cy

]’igalc  3: Nolldiflcrcll(inl  G1’S  tl:ickillgscllsiti~ity.
sillgl( satell i te is  I)titlp, traclid l~y a ltlo)]ito] station
?JI. ‘1 Ilc statio]l  callllot distill  gaisll I)ctwccll ])ositliolts
o alI(i  f (Iatcral  IIlotioll),  alId call o]]ly sct Isc v e r t i c a l
II]oti(!ll  Sucl]  ilS C.liall:,cs froln l)ositio]t  a to ])osit,ioll  h.

illg tllc accu]acy  of tllc iollos])llcric  corrccticnls. ‘J’l Ic
c])llclr]crisacc~lr:lcy  colll])ollm)t isall ‘equivalcll(>  rn])ge
ac.culacy fortllc worst locatio]l  ill tl]c covcragcrcgioll  .’)
‘J’llc tolnl)illcd  error dae to slow al}d fast Cmrrcct)iolls
will llcsll)allcr tllall  tl}c alm]lltc rallgc crmr  frolt] just
tllc s l o w  c])llclllrris  error  (Yulic.k  et al. 1 9 9 5 ) .  ‘Jllc
cpllcl[lcris  coll]l)ollcllt of lltc Ul)l{l;  earl I)c calcalald
l)y c(,ll]])lltillp,tll(  sc)lsitivity  of tllc rall~;c ltlcasarclllcllt
totll~sat cllitcl~o  si{ic)ll. ” Accc)r(lil]gtc)l’i~;.5,  it call I)c
shmvtl (Yunck  ct al, 199L)  that tllc smlsitivitics  of tllc
]allg( d with rcs]wct  to satclli(c  l]cight 11 aIId lateral
])ositic)];l,  arc givc]l l)y

(1)

-(
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[ 4 cl)al’. 11)

AI,(20
N],]]]

I’1’:N’J’
1’11’:1
11s1{1
11s1{2
(1s1{3
usii4
11S1U3
us]{!)

AIJIIII
J1’l,h4
JVJ])ol
QIIIN
S’J’J()
11s1{5
llsl16
USIL7

W1;S’J’
YI’:l ,1,

4.71
4 ,X)
4.85 “-
4.45
3 . 7 4
5.02
4.45
4,()()

b.12

4.46
“~,~[,

5.80
4.11-

“7.76
yy)

6.12 “-”
G.t3h
5.40

8.84

-j-,!)  ]
fj.23

6.70
12.9 ““

Vcliical  (Clll, la)
1,58

‘1’IIC  WAAS U r Sill~ulatioll licsults

I{M  (Clll, ]Oj NC)lth ~(111,  I  ~j”

4 . 5 1 5.39

‘1’al)lc 5: I{ CS(II(,S  d (,IIc \$lAAS user  ]msitioni]lg  silnulati(,l). ‘J’lIc  IIUIIII)CIS SIICNV  tlIc l{NIS ill LIIC castcr]l,  ]IorLIIerlI
aIId vertical  co II I])oIIc IIts of tlIc })oil)t, ]mit, iolling  Ilist,ory o f  t,lic sit(lulatcd  }VAA,S USCIS. ‘JIM’ first block Snows t’llc
osers itlsi(lc i}Ie II(t\vor!i w,l Iercas tlIc sccol Id l)locli snow tlIc j)c]i])l](’ral  Uscls.

(2)

wlIcrc (? is llIC at Iglc l)ctwcclI  tlIc Iil)c of sigilt of user

u (0 satcl]ik’ k and tlIc direction of lillc }/.

Sitlcc tlic (; 1’S satellites or])it at a very IIigll altiiude,
tllc atlglc O is sIIIall  (less tlIa II 14 dcgrccs);  llcllcc, tllc
]l(~ll<lifl”(’rt~]ltiill  (l  SC] l{:lllg(’ l’~l’ 101 (111{ 1;) is ,,,OIC sc,,-
sit, ivc 10 Cllilll~,CS ill ra(lial ]Jositiol] of (IIC satellite tllall
to a long-  al)d cross- t  cticl{ cllal]gm. IIowcvcrj  ill tllc
difl’[rctlti:ll case lIIC o])]) osi(.e is true.  ‘J’l Iat is to say,
tllc ra]lgc difl”cmlcc  l)ctwccII tlIc uscIs u aIId IIlollitc)l

sta(,ioll ?II (see l~i~. 6) is  II IOrC  scllsitivc  to ~lollg-tlacli
s a t e l l i t e  lllo~ioll ilIa II to radial  ltlotioll.  hlatllclllati-
cally tile scllsitivilies  of tllc difl’cmlltial ral Igc arc givcll
(for tllc 2-1) case) I)y tile diflbrcllcc  of tl)c ]~artials  of
#,, and 7’:1 as giv[vl l)y l’; qs. (1) al]d (2). ‘J IIIC  ]Ilaxil)lal
sctlsitivity of tile  (Ii fltirmltial  IaIIgC Ar,

to a radial vtror  CICClIIS  ill tllc collfi~;uratioll  clc])ictcd  ill
l’ig. (i, wlmc tllc IIlollit,or  mcivcr n) is directly  1)(’low

tllc satellite /LIId t,llc user u is locatd at tllc Illaxilllal
distatlcc  ]~ossil)lc (= 7430 klli). ‘J’llis  rcsolts  ill tlIc
Wlgl(  o N 1 3 . 8 ° . ‘1’llcIcforc,  tlIc sensitivities of tllc
di{~cl mltial raIIp;c fo] this worst, case arc givml I)y

{i AI, (h”,,,. $; ~;, I COS(())  - COS(13.$)  I
-i)]]’ - ’811  -

- ().03 ,. (3)

0.24. (4)

1(, ( an I)c  SCCII  irl t}lis “worst radial  scmsitivity” case
(hat tl]c sensitivity to tllc lateral colllI)ollcllt of tllc
c])llclncris error is cigllt tilllcs  greater  tllall  tllc radial
co]til)ollcllt; a I-II) error ill the radial  c])llcmcris coltl-
])0111  ntl causes a  3  CIII error ill tllc difltirclltial  ral Igr,

wllc~cas a l-l!] error it) tl]c lateral  c]~llcrncris  colll])o-
nc]lt (along-hack)  causm a 24-cI1l error ill tllc diflircll  -
t,ia] rangy.. 011 t,lIc  ot,ltcr  ]IalId,  t,llc  w’orst  c.asc fO~  tllC

Iatctal  scnsiti~fity  occurs  wlIcl I tllc satclli(c i s  l o c a t e d

ill tllc Ini(l-])oillt disiallcc Iwtwccll  tllc IIlonitor station

and tlIc uscJ, alI(l tlIc IIlollilor statiolt altd tlw user

cJ
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11’igllrc  4: l)iflcre]ltial  (11’S trac.killg s e n s i t i v i t y .  A
sillp;lc s a t e l l i t e  i s  I)cirig t,rficlid })y a coul)lc of sla-

tiolls 71/I  ,7)1~  tlIat collll)illc tllcir illdivi(lua] IalIgc llIm-

surcIIIc IIt,s  to for))l N (liflcrcllt, i?i] ral Igc lIIcasurcl IIcl)t

Ap,,l ,,2. ‘J’l Ic difltirm)tial IaIIg;c is i)mllsitivc to radial
satcllit(. )Ilotion (])ositiol) cl Ial Igc frc)r]l a to L), a?ld call
Only Sclls(’  trallw(’]sa 1 ltlotioll  (J)osit$ioll cl]angc  frolll o
is) c).

arc located  at, lx)tl I sides of tl)c l’;artfl’s lillll) as viewed
hy tllc satc]litc.  III tl]is cnsc a I-II]  c]jllc]llcris l a t e r a l
(tiloIIg-  track)  e r r o r  will, a 742[)-lir,i  lmscli])c lwtwcwn
st,at,io)ls IcsIIlt, s ill 34-cl I1 diflkre)lt,  ial rallgc error,  ‘J’llc
radial aIId c r o s s - t r a c k  (ill 3-1)) sc]lsitivitics would I)c

z(sro III tl]i, s ca,sc.

I t  is  aII widcsl)rcad IIliscc)]lc.c]]tic)l] illat ill WAIX;  l’S
Ollly tlIc  radi~l col Il]Jol IclIt oftlIc satcllilc is of illtcrcsl,.
011 tllc colltra~y, Jvitll  dyllalnical  orl)it cstilllation, tl)c
radial  orl)itl e r ro r  w i l l  l)c u]) to tl]rcc tilncs  sll]allcr
tllall  tllc IIorizollial crrc)r,  llm)cc tllc radial  error  wil l
add (Yullck ct al. 1995)  less tlIal I 1 %  (0 tlIc q]ltclneris
col]l])m)rllt,  o f  tlIc 111)1 {1; alId c’an IJC igtlorcd. ‘1’1)11s
only lIIC lateral (cross-back a])d alollg-irac.k) satellite
Crror CCI1ll J) Ol]ClltS  ilf’(!  Of ilttercstl.

3 . 3  S e p a r a t i o n  o f  ephmncwis  and dock
biascw

Allotllm  ilt]])ortallt,  asl)cct o f  tlIc orl)it cstimatioli
],rOl]lcjll  is  tlIc IVmk sc])aratimt  o f  satcllik ])osilion
errors and clock errors wllm) no dynalnical  in forma-

rad Iiil 1/ and lateral 11 c]]llcl]lcrls  errors.

tio?l M u s e d .  A  statio)l  tracking  a]] orl)itill~, szitcllitc
Ivitll  ranp;r lJIctisurL]IIc]Its  over a  l)criod of tilnc call
usc tllc fact  that tllc salcllitc ]tlovcs ill a dynalnic.alty
])rcsclibed oll)il 10 IJ]casurc  tllc })eriod of tl]c orl]ititlg
satell i te.  ‘J’llis  ])cliod is related  (directly ill tlIc case O f
a cir< ular  ort)it)  tc~ tlIc  orl)itillg  al(itlldc  o f  (IIC sa(cl-
lite.  ‘J’llis mlra illfol Illatio]l call l~c mscd to  dctcrtllillc
w]lat pori, ions of tlIc rallgc l)ias arc duc to c])llclncris
error+ versus clock errors. If tllc sak]litc dytla]nics  is
ify)olcdj tfimc is ]10 way of distillguisllill~; l)oi,]l I)iascs,
and t)llly tllc Sulll of tl]v two colttril)utio]ls  cal  I I)c  cf  -

lintated. ‘J’llis  collccl,t  is illmlratrd ill l;ig. 7.

If Ito dyllaltlics  is wscd, tlIc error clli])soid of tl]c orl)it
dctc] ]ninatiol]  is lllc)latc ill tllc diffrrclltial  l]lode; that
is, tllcrc  is IIlorc mror  ill tllc ladial direction (tile  di-
rec. tiim tl]at calll Iot I)c olmrvd)  t,]lall ill t]Ic CIOSS-  or

aloll{,;-track  dirccti{)lls. IYllcll dynalllical  illforlllatioll
is ill~orl~oratcd  il]t,o tllc ])rol)lcltl,  tllc  ul)c.cr{aitlty of tllc

radial  coln])oIIcl It of tlIr orl)it i s  r e a d i l y  collsiraillcd l)y

Nm’lollial]  llloti(~ll.  AltlIoIIglI tlIc radial  co])ll)o]lc]]t  i s
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occurs Wl]cll  tllc IIlollitor station is lwlow tile tracking
satellite and tllc I[scr is located at tlte l;artl]’s  lillll).

])oorly olw+crwd,  it is n-lakl to (lie two otlter otmmvccl

coIIIl,o]IcIIls  l)y  dy))all)ical rcla(iol)sl)il)s. 11) t h i s  (dy -

IIaltlical) casf’, lI)c cllilm)i(l error assol]]cs  its ])]o])cr
Ol)ltlt(’ Sllil])(’ <IS IIIC r(Y+IIlts SIIOWII  it) ‘J’al,lcs 2 and 3
collfirttl.

A s  aII cwcrcisc, aII orl)it cstilllatiol) w a s  lmfoIIIIcd us

illg t IIC \VA AS IIctwoIk of sta(iol]s  I) IWCIIt Cd bcfcm.

I II tl)is csliillatioll 110 dyllalllical  illforlna(iol)  was used,
i.e., tllc cs(iltlatioll  ])roccss was IJascd ])llrcly olI ,gcml  II-

(Iry. Again tllc rtsultillg orl)it was co]r]])arcd  with the
.11’1, ))rccisc orl)il, for  llIc sal IIc day and tllc diflcicllccs

])lotlcd. ‘1’IIc di~l’crcllccs ill orl)it coll)])ol)cnts  ( r a d i a l ,
crosstrack and aloll~-track)  are slIow  I I  ill ‘J’al)lc 6. It

is c lea r  tltal tltc (lo)rlitlal)t  cmor is i]] tl)c radial  dircc-
tiol], crcatillg  tile (xl)mlcd  ])ro]atc clli]mid crtor.  ‘1’hc
ra(lidl  CO II I] IOIICl It of tlIc orl)it lIas also al)sorl)cd  soli)e
of (IIC  CloCli I)ias  CC IOI’S, for as IIlclltiollcd I)rforc tllcre
i s  II() ~vay 10 disiillguisll  tllc cl)llclllcris colltril)utioll
fro])) lIIC clock colltril)lltioli  tc) tllc ra]lp;c e r r o r  uIIlcf+s

dyllaltlical  illfor]llatioll  i s  illtrodllccd  ill tl)c l)rol)lcli).

.
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l~igule 7: l)ynalllical  vs. IIolldyllalllical  orl)it cxtilna -
Iioll.

‘J’hc \4’AAS Nolldylla~tlical  Orl)it  Accuracy

Orl)it coll]])o]lcllt  I Accuracy (In) la)

]tadial 1 {)3

C1’oss-t rack 38.8
Alo])g-tracl; 43.7

‘1’al)l, 6: ‘J’IIc \4’AAS IIolldylla]tlical orbit  a c c u r a c y .
‘1’llc accuracy is (st al)lisllcd as tile di(l”crcllcc I)ctwccll
tile (Jrl)it  cstilllated  using tllc M’AAS  statiol]s  JIOt
usi]l{, dyl)arl]ical  illforJllatio]~ al)d tllc J ]  ’ I .  ])rccisc
cl)])cltlcridcs  OVCI  tlIc  s e r v i c e  a r e a  c)f (IIC WAAS ]Ict-
Work

‘J’llis facl,  tclgctllcr with all cstilllatcd  (;1)01’  ( a s  tllc
s~ati)lls  arc viewed }Jy (tic satellite) of IIear 2(W }vitlt
I)scwlorallgc noise of a])])roxiltlatcly  40  c]ll, accoo)lts
fc)r t lie ltirgc orl)it:i] clmr. 1( cafl a l so  l)c ai)])rcciatcd
t]lat WlICII 110 dyllalllical  illforlllation i s  U S C( I ,  tllc or-

I)it ( +iilnatioll calI]Iot l)ro]~agatc a c c u r a t e l y  tlIc orl)i(

outs~c]c tl)c \VA AS IIct work  awn.

AIIo~lIcr illl])or(allt  as])cct  is that WIICJI  ]Io dyllaltlical
illfol Illatioll is used, it is lwttcr  to follow tllc strategy
Lllat tile Stall fc)rd U]livmsity uses, ill Ivllicll c])llcltlcris
crro  Is aIICl  c l o c k  l,iascs Rrc so]vecl siltl~llta)lcotlsly.  Al-
tllollg}l  tlIc  illdcIJclldcllt cstilllatcs o f  tllcsc })aralnc-
tcrs  arc not, acculatc, tl)c overall ]mudorallge  corccc-
tio]l is very satisfactory as tllc Stanford  fligl)t trials
sltov (Walk,r  d, al. 1994). lff fact,  a sililulatioll  sl]ows
tl)at  wllcll lIC) dyllalllical  illforlllatio]l  is  used,  a]ld a
S1OM /fl~st, correction  SCIICIIIC is cxcrciscd,  tllc vert ical
mm] (just,  duc (0 Ort)it  error)  is on tllc c)rdcr of 571 CIII
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(10) witlt a IIotic(wl)lc degradation  011 tl]c ])cri]]llcry
of tllc’ 11(’t!\vork ‘s. ‘1’lIis r e su l t  i s  mntrastd iII ‘J’al)lc 7
with tllc ]IIIICII I)cttcr  results ol)taillcd  ill tllc Stanford
Ullivcrsity  sill] ulatioll  and fli.gilt trials (Walt<cr cl al.
1994).

‘1’lIc algoritllll]  illll)lcl]lcvltcd hy Stanford  Ullivcrsii,y
ill its flight tcials  ]I]akcs  usc o f  ]Ilillil]lllltl-l]c)rrll SOIW
tiorl witllou(  a priori collstraillt,s  ill the solution  o f
tllc c])llclllcris al]d clock errors  ((kwa 1995, ‘Jkai ci a l .
1995). 011 tllc ot]lcr hand,  tllc Stanford  Silllulation
l)rcscIItcd i]) 1’u1lcII,  l’hIgc & l’arlcit]soll  ( 1995) ,  tha t
co)lsidcrs a ]Iciwork  that cx]~allcls over  tllc continen-
tal (1. S., II Ialics usc of a priori Cmllstraillts and a l s o
mm  a  Kallllall  iilicr  illl])lrll}clltatioll.  ‘J’llc fact  tllatl
WIIC]I a \41A AS IIclworlc is cx])alidcd fm]ll a local rc-
gioll ((;aliforllia  al]d Nevada ill tllc case of tllc Sta)lf’old
IIctwork)  to tlic clltircty  of tllc colltitlctltal  U. S. dcltl-
lt]allds tllc usc of riori collstlraitlts  is ill agrcc]llctlt  with
tllc result ol~tai]lc(l  at J]’],. Suflicc  to say that WIICI)
a p7i07i collsbaitlts of a COU1)IC  of IIlct,crs  arc aC]CICC]
t o  tllc IIoll-clyll+lllliclil  orl)it  cstilllatioll, tllc 3-1) 1{SS
of tllc orl)it, error (as coln]mrcd will] the J]’],  ]jrccisc
c,,l)cll,cridcs)  is i], tl]c order of 9 ,Ilctcrs  (that co,ltrasts
will) tllc 31) 1{SS of  200 IIlctcrs ohtaincd  Wllcll no a
ptiori illforlllatioll  is used.

3 . 4  Conclllsion

l)iflcm]tia] tc’c.lll)iqucs 1 0SC sc~lsitivity to radial  orljit
errors al)(l IIlust IISC  dyllalllical  i]]forlnatiolj  to rccovcr
])ro])cr]y  t,llc IIlissil]g illforjllatiol]  froltl  tlIc olxcrvcd

tlallsvcl’sc Colll]m]lcllts. ‘1’IIc Cy)llclllcris col]tril~ution
to lII)I{II;  is dol]litlatcd  I)y tl}c l a t e ra l  (alo)lg-track)
c])llc)))cris errors and IIot radial  cI)llclncris error. As
IIlclltiollcd ill SCc. 2.3, tllc al)ility  to sc]mralc  correctly
clocks all(l c])llcltlcris errors ])mnits tllc usc of Lllc
s low/ fa s t ,  SCIICIIIC  tl)at, is rcy]uircd ill t,l Ic lrAA \VAAS
s])ccificatiolls. ‘1’l]c al~i]ity  tosc])aratc tllcsc twocrror
sources adds integrity to tllc systcltl  })y cllal)lilig {IIC
detection of errors ill citllcr  tllc cstilnatlcs  of c])]]  rlncris
I)iascs or clock I)iascs.

‘J’IIc WAAS IIIUSt o]wratc  ill r ea l - t i l nc .  III tl)c c a s e
of tllc slow corrcctiollsl  tllcy IIlust I)c l)roadcast  every
five IIlil)utcs.  ‘1’llat JIicalls that tllc corrections ]nust

8Nc,tc tlIa( IIjcfast  co)lectio]]  will always  al ISOIIJImIL  of tlIc
[}>l)[,lllfriscllo)  tlIal is le f t  ?Lf[cltl)d slo\v  conec(ic,llis al)l)licd.

l)ccoIn])uW,  vmific(l, ])aclcagwl and l,roadcasl  in ICSS
tllall  Iivc lninutcs.

‘J’ab]c  8 sllolvs tllc cc)lil])~ltatic)llal  tittlm o f  tllc cc)ltl-
])lctc illg,oritll  ltl]jrcsc’lltc(l 0]1 a]) II]’ {)()()  ()/755 }}’c)ll<sta  -
ti(~lltf itlla26-  hlc~,;lfl(J]  ~s(hlc`gafl()])  ]Jc`lsccc)ll(l) ])crfor-
IIlallc,.  ‘J’llc colll])llt:ltiollal” tilllcs])lcs(litc(l  do lIot itl-
cludc cwtilnattsof tl]c tilllctl)at tlIcsystcItI  will require
for data valid atio]l, v(rificatio~l, alId ill])ut/out])ut ]Jm

t!ocols.

‘1’lIc :Iwltl]l)tioll ill tltc calculat,iolls ])rcsct Itcd arc:

1 .  (Jrl)it  illtcgratioll.

(a) llltcgrati()li(  )f24Cll'Ss ~it(llilcs~\i tlltllcftlll

Inodcl dcsctil)cd ill Scctioll 2.1.

2. Slow corlcctioll  gcllcratiol].

( a )  (Jst;lt(])  ar;ililctcrsfor  cficll oftllc27satc-
litcs  (24 (~1’S  satellites and 3 (;IIK) satellites)
i.c.,])ositioll,  vcloc-ity, clock, Y l)itisalldsc~lar
scale factol.

(1)) 2statc] >aralllct(’rsfo rcacllof tlJc24\4Tl{Ss
i.e., clock a]ld tro])os])llcric  I)ias.

3. ‘J’]lc  fast  (I Mcudc)raIIg;c) corrcctio]l.

(a) ‘24(~l)S satcllilcs.

(1)) 24 \\’l{Ss Jvitll 12-cl Ia]It Icl rcccivccs,

(~()]ll])llt:iti()]lal  ‘J’illlcs I
‘J ‘ask

Illlc&ratc 24 orl)ils  for 5 IIlil);
~olll])lltc])lcclictc(l  ]mudc)rallgcs

Slow (5 lnill)orl)it corrections
(psc,,(lcml,gc  O,lly)

Slow (5 ]Ilill)orl)it  corrfctiolls
(ImcudcIraIIgc  atld I)llasc)

1  sc fast. ],scudoraIIge  corwctioll

l;xccutioll  ‘J’ittlc

< ().5 Scc

<  ],{) See’

< 20 Scc

< 50 Illsc’c

‘1’iil)l(  8: ~c)l)l])~ltiiti(,ll<ll tilllcsoli 111’ 9000/755 }vork-
stat)i(jrl.

1( calr I)c sccll tll;it lIIC c]~llclllcvis ]Jrcdictioll allcl s l o w
corrc<tioll calculation take (Ilot  il)cludillg  data valida-
tion,  \’Clifi Cati C)ll, illl(l ill]) llt/c~tll)llt ]Jrcjtc)cols)l(  ’sstll  all
2.5 S(CO]ICIS. ‘J’lltts  tllc clyna]llica]  orl)it cstilllatio]l  al-
goritl,  ]tl }t’o~lld  ~iisil~  II I(Y,t (IIC 14’AAS tillic sl)ccifica-

tiolls
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‘J’nl)lc 7: Ilscr ]Josi(io]lillg  accaracy  wit]) a IIondyllalnical  or])it cs(illlatioll. ‘1’IIv  Stallfc)rd lllli~’c?rsitys  illllllzitiolla llcl
(Iigllt trials, ill wllicll cl)llclllcris a])d clock cvrors arc sc)lvcd silnuliallcously , arc contrasted with tllc results of a
silllulatioll  ill wl]irll tfIc c])llcl]lcris  alId c l o c k  e r r o r s  aIc solved usil{g a slcJw/f:]sl  u)rrcctio]t  scl  Ic]IIc.  ‘J’IIc ,Stallford
llllivcrsity  al)])roac]l  ]Jrovcs]llllcllsllJ)cricJr  \vlIcII  a]lc)]l(lyll:i] ]licalo]l)it  csti]llatio]l  isi]ll])lclllclltc(l.

‘J’llc ]);icliillg  alId lrallslllissioll  tiltlcs  of tllc corrcctio])
]I]cssagcca II l)clmscd  011 tll(’St:lllfc  Jrclcx JJcricllcc (\4’a-
tcrctnl. l{){)  4), }vl]crc tllc\~l]olcl~l’(;  AS(;159}3’  AAS
]I]cssagc is stilt ill 27 I]]illisccollds.

11’il}?llly it is illl])ortallt  10 IIotc t]lat  although  tlIc statc-
of-tllc-artl ]IIodcls Ilscd ill tlIc  (lyllii]llical  orl)it  csti]l]a  -

lio]l  arc v<ry  sol)llistictltccl, tllcy arc wc]l u n d e r s t o o d
and lIIC cottl])llt{lti(~tl:il  t)illlc that, tllcy dc]]lalld  eas i ly
]IICC(S  (IIC WAA,9  slwcificatioll.

Summary of Conclusions

Stlmlll:ll’y of Conclllsiolls

A llill(-s~atc  vector,  i.e., ]wsitioll,  velocity, clock
t)ias, Y ])ias  al]d solar ])rcssurc  scalitlg factor  can
acc(lratcly  cllaraclcriw tlIc (;l),S satellites.

A  colltitlctl[al  lJ. S .  WAAS  JJclwoIli CaII cstill)atc

(; 1’s orl)its  t’llal arc a factor  of fOIJJ’ l)cttcr  tlla Jl
tllc I)roadcast oll)itls.

‘J’llc orl)ii acclll’acy iJll])lC)\’CJ ll(’lltS ICacl to a  lISC1

]msiiiol)i Jlg iJJ)])lol’cl))(llt of a  facto] of folJr (WC]

tlIc I)roadcast  orl~i(s (cxclllditlg lloJlc],llclllcriclal

CII’OJ’S).

\Vitll tilt usc of’ (lyllalllics  i]) tlIc orl)it mtilllatiol~
J)l’(~Ct’ss,  llIC Cl)l]cl]lcris  <IJI(l  clock  l)iascs  C,a  II  ~)c

l)rol)ctly scj);trat,cd,  t]lus :Iccc)]l]ll]ocl:iti]lgtl]c 11’AA
\YA AS  scllcttle of slow aJId fast, corrcctiolls.

‘J’IIc orl)ital  dy)la]llical  ])]odcls illlI)lcllmltcd  ~)cr-
]Ilit tllc ])ro]]agatiol]  of  Llic last  orl)ital  csti]ll:itc,
to allow fatllrc ]Jrcdictiolls wit]lout  JICWJ llIcfisurc-
lIIcJIts,  hours allcad (wc]l over 10 IIlillutcs) wit])
little or  II()  10ss of accuracy, ‘1’llis i]lclicatcs  t}Ifit
})crl Ia]w Icss sol)llistic.:itc(l tc;clllliqucs,  WIIOSC  ]Irc-

<Iict,  ions wc)uld  I)c ~,ood olIly iJl tlIc 10-lllillutc

I aJlgc, could I)c u s e d  iJi a WAAS scmlario.

‘1’lIc al)ility to scl)aratc  q)llclllcris  l)iascs  froltl
(lock l)iascx 8cILs  i]ltcgrity  to tlIc systc]II l)y ill-
t roducillg  tllc ca]~al)ility to detect errors in tllc
{ sti]tlat, c of <itllcr ])araltlct, cr,

I’]Ic dy]ta]llical orl)it csti]llfitio]l I)roccss, tllc s l ow
I orrcc,t,iotl g(]](~]atio]l, al]d i t s  I)roadcast,  car I l)c

I[OIIC  iJI ~,!j SCCOJld  S  011 aJl  ]1]’ 9000/755  WOJ’!i St&

I ion with a 26-hlcgaflo]w  ])crfonllancc.  ‘1’llis  csti-
~natc CIocs IIot iJlcludc t}lc tiJrlc t h a t  tllc SJ’StCJll
will wquirc  fo] data valid atio]l,  vcrificatio]i,  and
lJl])lJt/CJU@  ]) J’dOdS. ]Iowcvcr,  sillcc at Icast b
~tlinutcs arc avail al)lc real-tilnc ])crfor]llancc of tllc
{1.y]lal)lic~l  or])il  csti]natiol)  is easily acllicval)lc ill
\ WAAS scc]latio.

‘J’lIc w o r k  dcscrit~(d ill t h i s  ]m])cr  was carrid out
ill ])itrt b y  tllc Jet l)ro])ulsio]l  IJal)oratory,  ~alifbr]lia
IJlsti  (Jltc of ‘l’ccllllologyj uclcr co]ltract  with tllc Na-
tiollj,l Acrollau tics aJId S])acc Adlt]illistration  (NASA)
a]]d l~y tlIe Startford ll][iwrsity ultder N A S A  grant #
NAS8-3612b  and UII(ICI  ]Mcral Aviation Adlni]listra-
tioll (11’AA) gIaIIt # 93(; -004/14’AA.
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~CVit,  J. (199 b), lical-ti]nc dy]laltlical  G1’S  c])llclneris
])rcdictioll for W A A S  a])])  licat,iolls, ]’;Jl~i JICWl’S
tlicsis, Staltforc] lll]ivcrsity, l)c]mrtll)c)Jt of Acrc,-
nautics  slid Ast roll autics,  Sta]lford,  C~A 94305.
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